Nutrient enrichment is known to increase bacterioplankton population density in a variety of Antarctic freshwater lakes. However, relatively little is known about the associated changes in species composition. In this study, the bacterioplankton community composition of one such lake was studied following natural nutrient enrichment to investigate the resistance of the system to environmental change. Heywood Lake is an enriched freshwater maritime Antarctic lake, with nitrogen and phosphorus concentrations significantly higher than its more oligotrophic neighbours (by at least an order of magnitude). This major change in lake chemistry has occurred following large increases in the fur seal population over the last 30 years. Using analysis of 16S rRNA gene fragments, fatty acid methyl ester analysis, denaturing gradient gel electrophoresis and fluorescence in situ hybridization, significant changes are reported in lake microbiology which have resulted in a distinct bacterioplankton community. In comparison to its more oligotrophic neighbours, nutrient-enriched Heywood Lake has a high bacterioplankton population density, reduced species richness and an increasing evenness among key groups. Only 42?3 % of the clones found with >97 % similarity to a named genus were also present in adjacent oligotrophic lakes, including three of the dominant groups. Critically, there was an apparent shift in dominance with trophic status (from the b-Proteobacteria to the Actinobacteria). Other key observations included the absence of a dominant group of Cyanobacteria and the presence of marine bacteria. The significant impact of natural nutrient enrichment on the microbiology of Heywood Lake, therefore, suggests that low-temperature oligotrophic freshwater lake systems might have low resistance to environmental change.
INTRODUCTION
There have been a number of investigations of nutrient enrichment in high latitude limnetic systems, which have demonstrated profound effects on the productivity and species composition of the phytoplankton (Bell & Laybourn Parry, 1999; Unrein & Vinocur, 1999; Izaguirre et al., 2001) . In these studies, natural nutrient enrichment has resulted in significantly higher nitrate, phosphate and chlorophyll a concentrations, higher bacterioplankton population densities, higher heterotrophic nanoflagellate and phototrophic nanoflagellate abundances, dramatic shifts in species composition within the phytoplankton and high productivities creating seasonal anoxia under ice. In addition to these changes, Laybourn-Parry et al. (1996) , Butler (1999a, b) and Butler et al. (2000) were able to show that significant changes in the protozooplankton community structure could occur over relatively short periods of time.
It is known from temperate and tropical areas that increased nutrient loading is often accompanied by a change in species composition (Hawes, 1990) . Also, in polar environments, the character of freshwaters can be radically changed (e.g. switched from an oligotrophic to a eutrophic state), by quite minor events such as interference with an inflow or through the introduction of small amounts of inorganic or organic substances, especially if the volume is small (Fogg, 1998) . Despite these observations, however, the community composition and taxonomy of the bacterioplankton has not been considered in detail, even though these communities are sensitive to disturbance and have been shown using fingerprinting techniques, to change with environmental conditions (Crump et al., 2003; Pearce, 2005) . In lower latitude limnetic systems, differences in the bacterioplankton community composition between lakes of different trophic status have already been observed (Lindström, 2000) , and it has been shown that the availability of nutrients and seasonal changes in nutrient concentrations can affect the bacterioplankton community composition (Donner et al., 1996; Yannarell et al., 2003) . In this study, we examine the bacterioplankton community composition in Heywood Lake, Antarctica, and compare it to observed patterns in neighbouring Signy Island lakes with little (Sombre Lake) or no (Moss Lake) natural nutrient enrichment.
The significance of this particular system is that Heywood Lake is situated in a region of the globe subject to extremely rapid environmental change. Quayle et al. (2002) report data for the Signy Island lakes showing that mean lake temperatures in winter have increased by 0?9 u C between 1980 and 1995, and nutrient levels at some sites exhibit order of magnitude increases per decade. In addition, photographic estimates suggest that permanent ice cover on these lakes has receded by approx. 45 % since 1951, while lake ice records indicate that the open-water period has increased significantly. In this way, Heywood Lake might indicate the type of changes that could take place in analogous systems subjected to environmental change.
METHODS
Study site. Heywood Lake is situated in Three Lakes Valley on Signy Island in the South Orkney Islands (60u 439 S, 45u 389 W), which lie at the northern extremity of the Maritime Antarctic. The island has the longest continuous record of biological research in Antarctica (Smith, 1997) . It has been the subject of a number of investigations and is the main study site for long-term change. Glacial erosion has divided the island into six major catchments, in which there are 16 recognized lakes, representing all of the maritime Antarctic lacustrine environments. These small shallow lakes have formed following progressive deglaciation of Signy Island (Hawes, 1990) . Most are oligotrophic (Heywood et al., 1980) , but several are enriched and of these Heywood Lake is the best known and most extensively studied (Fig. 1a) .
Heywood Lake itself is situated in a pre-glacial valley, it is the largest of the Signy Island Lakes and has been isolated from the ice cap for hundreds of years -moss fragments in basal sediments have been AMSradiocarbon dated to 5890±60 14 C years BP (Jones et al., 2000) . The lake is ice-covered to a maximum depth of 1 m for at least 8 months of the year, when the lake becomes anoxic and the water column clears. There are several small inflow streams, most notably from adjacent Knob Lake. The planktonic metazoan population of Heywood Lake consists of a few small crustaceans and rotifers (Butler, 1999a, b) , but it contains no higher predators, such as fish or insect larvae, and lacks vascular and emergent plants.
Heywood Lake is 427 m long and 137 m wide with an area of 41 730 m 2 . The lake comprises two basins separated by a shallow neck region. The larger north basin has a maximum depth of 6?4 m and a mean depth of 2 m. Its drainage basin is composed of approximately 1 % snow, 93 % rock, 5 % lichen and 1 % moss cover, so the ice-free terrain is composed of frost-shattered rock and rudimentary soils formed from glacial diamiction (Noon et al., 2002) . The lake lies only 4 m above sea level and is separated from the sea by 200 m of gently sloping ground. This permits ready access to the catchment by Antarctic fur seals (Arctocephalus gazella) and Southern elephant seals (Mirounga leonina). So Heywood Lake, although adjacent and physically similar to the oligotrophic Moss and Sombre Lakes, is different principally because its catchment is accessible to seals, which contribute considerable amounts of organic matter to the water. Unlike its more oligotrophic neighbours, there is evidence of high levels of nutrient input from seal activity over 33 % of the catchment area, and up to 1 % from bird activity, so that the total annual carbon gain in Moss Lake is less than an eighth of that in Heywood Lake (catchment data from Heywood et al., 1980; Ellis-Evans, 1982 and Fogg, 1998) . Butler (1999a) obtained values of 0?7-5?1 mg dissolved organic carbon l 21 and 0?8-6?4 mg total organic carbon l 21 for Heywood Lake. A striking example of the impact on Signy Island moss communities is demonstrated by the presence of a seal exclusion fence (Fig. 1b) . The The dramatic impact of Antarctic fur seal populations on Signy Island moss communities, which has resulted in compaction and death of the indigenous moss flora and colonization by a nitrophilous alga characteristic of sites frequented by seals and birds. Note the seal exclusion fence installed to prevent further damage.
once widespread moss carpet has been compacted and is now largely moribund; it has been recolonized by a community dominated by the nitrophilous alga Prasiola crispa, which is characteristic of sites frequented by seals and birds (Ellis-Evans, 1990 ).
Antarctic fur seal numbers in the Heywood Lake catchment area have increased markedly since 1974, and particularly since 1984, including a tenfold increase between 1976 and 1988 (see Fig. 2 and data in EllisEvans, 1990 ). Peak numbers (in February) have been monitored on Signy Island and have been found to increase from only a few animals each year in the 1950s and 1960s, to a few dozen in the early 1970s, but then to -3000 between 1976 and 1983 , 8000-17 000 between 1984 , 20 500 in 1994 and 1995 (Smith, 1997 ) until, most recently, 10 004 in 2003 . This expansion of the fur seal population has also been reported elsewhere in the Southern Ocean (Bester et al., 2003) . The presence of the fur seals has resulted in considerable nutrient input, biological change and perturbation of the lake sediments, which are between 5000 and 7000 years old. Seal impact has been severe and both physical disturbance and nutrient toxicity have resulted in significant or complete destruction of Antarctic plant communities surrounding the lake. In addition to fur seal excrement and fur wash, plant and organic accumulations are being compressed and eroded into the lakes (Smith, 1997) .
Sampling regime. Lake water samples were taken above the deepest point in Heywood Lake on 9 February 2000. Samples of 2 l at each depth were taken over the following depth profile: at the surface (approx. 0?3 m), from depths of 1, 2, 3, 4 and 5 m and just above the bottom (approx. 5?5 m). Water samples were obtained from an inflatable boat using a hand-operated diaphragm pump and a rigid Durapipe tube of appropriate length. Samples were transported to the laboratory within 2 h in dark, acid-washed, pre-chilled Nalgene bottles, each rinsed three times with lake water from the appropriate sample depth before filling to overflowing.
Physical and chemical analyses. Vertical profiles of temperature, oxygen concentration and conductivity were taken at 1 m intervals with a Solomat WP4007 water quality meter connected to a 803PS Sonde (Zellweger Analytics). Light penetration was measured using a Grant 1000 series Squirrel logger connected to three SKP 215 flat quantum sensors (Skye Instruments). Subsamples of lake water (500 ml) were filtered through Whatman GF/C filters using a Mityvac hand pump. Part of the 500 ml subsamples were used for fluorometric analysis of chlorophyll a concentrations, according to Welschmeyer (1994) . Measurements of ammonium-N, nitrate-N, dissolved reactive phosphate (DRP), total dissolved phosphate (TDP) and chloride were measured using GF/C-filtered water and an Alpkem FS 3000 auto-analyser (Alpkem) with a model 5027 autosampler attached. Total dissolved nitrogen and dissolved reactive silicate were determined spectrophotometrically using the methods of D 'Elia et al. (1977) and Mackereth et al. (1989) , respectively. An Orion 250A pH meter was used to measure pH and alkalinity by the Gran titration technique (Mackereth et al., 1989) .
Determination of total population density. The total population density in each sample was determined by direct microscopical counts of DAPI stained cells, using the method described by Porter & Feig (1980) . Analysis of 16S rRNA gene fragments. Enzymic amplification of 16S rDNA was performed on DNA extracted directly from Heywood Lake water using the method described by Pearce (2000) . For these amplifications, each PCR mixture (50 ml) contained 10 ng extracted DNA as template, 10 pmol each primer, 20 nmol each dNTP, 1 U SuperTaq polymerase (HT Biotech) and the SuperTaq buffer supplied with the enzyme. Primers used were 8F, 59-AGAGTTTGATCCTGGCTCAG-39 (Dunbar et al. 1999) , and 1500R, 59-AGAAAGGAGGTGATCCAGCC-39 (Andrade et al. 2002) , generating a 1492 bp fragment. Amplification reactions were performed with a Genius thermocycler (Techne) using the following conditions: an initial denaturation step consisting of 94 uC for 5 min, 30 cycles consisting of 94 uC for 45 s, 55 uC for 45 s, 72 uC for 70 s, and a final elongation step consisting of 72 uC for 5 min. Controls containing no DNA were also used to ensure that contaminants were not being amplified. The PCR products were cleaned using GFX PCR clean up columns (Pharmacia). Cleaned products were ligated into the pGEMT-Easy vector (Promega) and ligation mixtures were transformed into competent JM109 cells as recommended by the manufacturer. Transformants were screened using black/white selection on Luria agar containing S-Gal/IPTG and 50 mg ampicillin ml 21 (Sigma). Putative positive colonies were transferred to individual tubes containing 50 ml sterile water. The cell suspensions were subjected to two freeze/thaw cycles and 1 ml aliquots were used as templates in a PCR reaction containing the M13F/M13R universal primers (M13F, 59-CGCCAGGGTTTTCCCAGTCACGAC-39; M13R, 59-GAGCGGATAACAATTTCACACAGG-39). PCR conditions were as described above, except that the annealing temperature was raised to 58?5 uC. A length (760 bp) of each clone obtained was sequenced with the M13F primer using the Big Dye terminator kit v.2 (Applied Biosystems). Sequence reactions were carried out at the British Antarctic Survey using a Megabase 500 capillary sequencer. Clone sequences were compared with the GenBank nucleotide database using GAPPED-BLAST searches (http://www.ncbi.nlm.nih.gov/blast/ blast.cgi) (Altschul et al., 1997) to determine their closest phylogenetic neighbours. Identification to the genus level was defined as a 16S rRNA gene sequence similarity of >97 % with that of a sequence deposited in the EMBL database (Drancourt et al., 2000) .
Direct culture of bacteria. Cultures were obtained by making a dilution series of lake water and pipetting 200 ml onto solid caseinpeptone-starch (CPS), tryptic soy broth agar (TSBA) and R2A agar plates in three replicates. Plates were incubated at 4 uC for 2 months.
Fatty acid methyl ester (FAME) analysis. The phenotypic diversity and identity of individual strains isolated by direct culture was determined by FAME analysis, as described by Thompson et al. (1993) and van der Gast et al. (2001) . The samples were injected into a Hewlett Packard model 5890 series II gas chromatograph. Fatty acid peaks were named by the Microbial Identification System (MIS) software (Microbial ID) and isolates were identified using the MIS 'Aerobe Library'.
Fluorescence in situ hybridization (FISH). A sample (10 ml) of each lake-water sample was filtered through a black polycarbonate 0?2 mm screen membrane filter (Poretics). Cells were fixed with 2 ml 4 % paraformaldehyde in PBS for 30 min. A gentle vacuum was then applied and cells were rinsed, initially in 5 ml PBS, then in 5 ml distilled water. Filters were removed from the filtration apparatus, air-dried, placed on a glass microscope slide and stored at 220 uC. Five different in situ hybridization probes were used specific for the domain Bacteria, the a-, b-and c-subclasses of the Proteobacteria and the Cytophaga-Flavobacterium group as described by Pearce et al. (2003) .
Denaturing gradient gel electrophoresis (DGGE). Enzymic amplification of 16S rDNA was performed on extracted community DNA using the Muyzer primer pair (Muyzer et al., 1993) which amplifies corresponding Escherichia coli positions 341-534 bp of the 16S rRNA gene. A volume of 25 ml was separated by DGGE as described by Pearce (2000) . The gel was run for 80 min at 60 uC and 10 V cm 21 , before staining for 45 min in a solution containing 0?5 mg ethidium bromide ml 21 . This was visualized on a UV transilluminator (UVP). Photographs were taken with a Gelcam (Polaroid) using Polaroid 665 professional positive/negative instant pack film. Gel images were analysed using Gelcompar II software (Applied Maths) and bands were determined using band recognition software. Bands were then excised, reamplified and cleaned using GFX PCR clean up columns (Pharmacia), ligated into the pGEMT-Easy vector (Promega) and transformed into competent JM109 cells as described for the rDNA clone libraries. DNA from 60 environmental clones could be identified to within >97 % of a named genus based on sequence comparison of 16S rRNA genes. Using this information, 73?3 % of the bacteria were affiliated with the b-Proteobacteria, 15?0 % with the a-Proteobacteria and 11?8 % with the Actinobacteria. The specific taxa found were the b-Proteobacteria genera Acidovorax, Alcaligenes, Bordetella, Janthinobacterium, Polaromonas, Polynucleobacter, Pseudomonas (mephitica), Rhodoferax and Variovorax, the a-Proteobacteria genera Caulobacter, Rhodobacter and Sphingomonas, and the Actinobacteria taxa Aeromicrobium, Cryobacterium, Frigoribacterium and Actinomycetales (Table 2) . Coverage was estimated to be 71?7 % (Good, 1953) . 
RESULTS

Physical and chemical analyses
-Proteobacteria Variovorax AJ878625 b-Proteobacterium Wuba72 AF336361 646 99 b-Proteobacteria Acidovorax AM049199 b-Proteobacterium MWH-MoK4 AJ550654 685 99 b-Proteobacteria Polynucleobacter AM049186 b-Proteobacterium MWH-MoK4 AJ550654 685 99 b-Proteobacteria Polynucleobacter AM049187 b-Proteobacterium MWH-MoK4 AJ550654 685 99 b-Proteobacteria Polynucleobacter AM049188 b-Proteobacterium MWH-MoK4 AJ550654 673 99 b-Proteobacteria Polynucleobacter AM049189 b-Proteobacterium MWH-MoK4 AJ550654 677 99 b-Proteobacteria Polynucleobacter AM049190 b-Proteobacterium MWH-MoK4 AJ550654 658 99 b-Proteobacteria Polynucleobacter AM049195 b-Proteobacterium MWH-MoK4 AJ550654 667 99 b-Proteobacteria Polynucleobacter AM049192 b-Proteobacterium MWH-
FAME analysis
Using FAME analysis, 82?7 % of bacteria were identified as Actinobacteria, 6?9 % as Firmicutes, 6?9 % as c-Proteobacteria and 3?4 % as a-Proteobacteria. The specific genera found were the Actinobacteria genera Arcanobacterium, Cellulomonas, Micrococcus, Rhodococcus and Tsukamurella, the Firmicutes genus Staphylococcus, the c-Proteobacteria genera Acinetobacter and Stenotrophomonas and the a-Proteobacteria genus Sphingomonas. Perhaps surprisingly, given their overall dominance in freshwaters, the b-Proteobacteria were not identified in Heywood Lake samples using FAME analysis. Isolation frequencies are given in Fig. 3 .
FISH
With a set of four probes for the major divisions within the domain Bacteria, it was possible to affiliate between 47?7 and With the exception of the 3 m sample, the bProteobacteria was clearly the most abundant group at all depths sampled and the a-Proteobacteria was the least abundant group at most depths studied (Fig. 4) .
DGGE
DGGE analysis of Heywood Lake water at vertical depth intervals produced 13 distinct DGGE bands, with the exception of the bottom level water which may have included some sediment, suggesting the presence of up to 13 potentially dominant bacterioplankton groups (Fig. 5) . The clones derived from DGGE products were dominated by operational taxonomic units belonging to uncultured bacteria, including representatives of the Actinobacteria (53?8 %), the Bacteroidetes (23?1 %), the Gram-positives (15?4 %) and the b-Proteobacteria (7?7 %). The specific clones identified were the actinobacterium MWH-VicMua1 and six uncultured actinobacterium clones, including CL500-95, FBP402, TLM06, CLO-29, c270 and an unidentified clone. Within the Bacteroidetes-specific clones were Flavobacterium xinjiangense and an unidentified Cytophagales sp.; within the b-Proteobacteria was Pelistega europaea, and within the Gram-positives were uncultured GOBB3-CL171 and Z39. Significantly, a clone from Moss Lake DGGE band 1 (UBA520090) was also identified (Table 3) .
DISCUSSION Nutrient enrichment and bacterioplankton population density
Nutrient concentrations in Heywood Lake were significantly higher than in neighbouring oligotrophic Moss and Sombre . DGGE profile of Heywood Lake during a period of holomixis. The DGGE image was captured as a TIFF file, which was then analysed with Gelcompar II (Applied Maths). All clear DGGE bands, representing either individual DNA fragments or groups of DNA fragments, were scored independently when recognized by the band recognition search in Gelcompar II. Abbreviations: D4, 9 February 2000; H, Heywood Lake; SF, surface sample; B, bottom sample. All numbers refer to the depth at which the respective sample was taken. H3 samples were excised for sequencing.
Lakes. In particular, there were large differences in the concentrations of nitrogen and phosphorus (Table 1) . Heywood Lake supported a higher bacterioplankton population density, with between 50-and 15-times the population densities in Moss and Sombre lakes, respectively.
Similarities with adjacent oligotrophic lakes
Overall, the bacterioplankton community in Heywood Lake was dominated by genera with characteristics that included the ability to utilize a wide variety of organic compounds and involvement in the mineralization of organic matter, they were all aerobic (or facultatively anaerobic), they contained species which produced pigment and were widely distributed globally in fresh waters. All of these properties are normally associated with oligotrophic aerobic pelagic environments (Pearce, 2003; Pearce et al., 2003) . The genera identified in Heywood Lake through 16S rDNA sequencing or FAME analysis that were also present in oligotrophic Sombre Lake were Acidovorax, Arcanobacterium, Bordetella, Cellulomonas, Flavobacterium, Janthinobacterium, Micrococcus, Pseudomonas, Rhodobacter, Sphingomonas and Staphylococcus. This represents a Sørensen coefficient of 0?20, or 42?3 % of the genera identified in this study.
Differences from adjacent oligotrophic lakes
Bacterioplankton taxa identified in nutrient-enriched Heywood Lake from direct 16S rDNA sequencing or FAME analysis included: Acinetobacter, Actinobacteria, Actinomycetales, Aeromicrobium, Caulobacter, Cryobacterium, Frigoribacterium, Pelistega, Polaromonas, Polynucleobacter, Rhodococcus, Rhodoferax, Stenotrophomonas, Tsukamurella and Variovorax. These groups were not found in the neighbouring oligotrophic lakes.
Heywood Lake bacterioplankton was dominated by bacteria most of which have yet to be cultivated (Table 3) . Of the 13 dominant groups identified using DGGE, eight were closely related to uncultivated bacteria in the database, three were identified to genus level and only two could be identified to species level. This pattern is consistent with oligotrophic Moss and Sombre Lakes, and at least three of the dominant groups in Heywood Lake were identical to dominant groups in the oligotrophic systems. However, in nutrient-enriched Heywood Lake, there was a larger number of dominant groups: Moss Lake 9, Sombre Lake 8 and Heywood Lake 13.
Cyanobacteria DGGE suggested the importance of the Actinobacteria and, unlike both of the oligotrophic lakes used for comparison, none of the dominant bacterioplankton were Cyanobacteria. This is unusual, as many of the microbial communities in non-marine ecosystems within polar regions are dominated by Cyanobacteria, with populations that are amongst the highest recorded in any natural environment (Vincent et al., 2000) . This observation is supported by the dominance (as determined by DGGE) of Nostoc sp. in Moss Lake (Pearce, 2003) and an uncultured cyanobacterium clone in Sombre Lake . The lack of cyanobacterial dominance might be linked to the high nitrogen concentration associated with fur seal enrichment, as relatively high N : P ratios in nutrient-rich lakes tend to favour noncyanobacterial taxa (Smith, 1983 (Smith, , 1990 ). This might also be due to the observation that pico-cyanobacteria have a high nutrient-scavenging ability and can be an important part of the pelagic community in terms of biomass in more (Stockner, 1988; Stockner et al., 2000) .
Marine species
A particularly interesting feature of the Heywood Lake bacterioplankton was the presence of psychrophilic marine bacteria, including Polaromonas vacuolata (Irgens et al., 1996) and Rhodobacter sphaeroides (Pinhassi et al., 1997) . In addition, the a-Proteobacteria were significant and, though not exclusively, are more traditionally associated with marine environments. This is probably due to the close proximity of the lake to the sea and frequent visits by marine mammals and birds. Although we cannot be certain that the marine bacteria were active within the lake, the relatively high levels of a-Proteobacteria, as determined by FISH, suggested that they might be (as the probes target rRNA). A similar phenomenon was observed by Bell & LaybournParry (1999) in nutrient-enriched Rookery Lake, where the ciliate community resembled the marine community and was dissimilar to that found in older saline lakes within the Vesthold Hills.
Ubiquity of bacterioplankton genera
Although the Heywood Lake bacterioplankton community was not consistent with neighbouring oligotrophic lakes, many of the genera isolated from Heywood Lake represented ubiquitous aquatic bacteria and the bacteria most common in aquatic habitats, such as Gram-negative rods, particularly Pseudomonas and Flavobacterium. In addition, surface films formed during calm weather on lakes and ponds often comprise Pseudomonas, Caulobacter, Flavobacterium and Micrococcus. Significantly, many of the genera found have been identified in freshwater systems elsewhere (Table 4) , including nutrient-enriched systems in temperate areas such as soil, marine, alkaline, sedimentary and estuarine systems, and as such it might be more appropriate, as suggested by Reynolds et al. (2002) for the phytoplankton and by Yannarell et al. (2003) for the bacterioplankton, to develop and use a functional classification of these aquatic micro-organisms.
Specific examples of the common occurrence of key genera identified in Heywood Lake are Flavobacterium xinjiangense and members of the Actinobacteria. Flavobacterium xinjiangense, widely distributed in fresh and marine waters (Zhu et al., 2003) was also found in both Moss Lake (Pearce, 2003) and Sombre Lake . The Flavobacteria show a high abundance in aquatic ecosystems and these heterotrophic bacteria may have a specialized role in uptake and degradation of the high-molecular-mass fraction of dissolved organic matter in these environments (Kirchman, 2002) . In addition, the predominant group, the uncultured Actinobacteria, have been described in freshwater habitats in Europe and Asia (Hahn, 2003) . The ecological implications of this observation are that freshwater ecosystems contain similar bacterioplankton at the genus level, but that at the species level, differences related to the specific environment do occur.
Reduction in species richness
Using the Simpson diversity index (Simpson, 1949) , from 16S rRNA gene sequences Heywood Lake has a lower bacterioplankton biodiversity at 0?92 than Sombre Lake at 0?94. The probability of selecting a clone with a new sequence from a random sample was 10?3 % (1 : 10) for Heywood Lake and 16?0 % (1 : 6) for Sombre Lake.
Increasing evenness
Lindström & Leskinen (2002) cite several investigations of bacterioplankton diversity in aquatic environments with (Hiorns et al., 1997) ; b, Lake Baikal (Korsunov et al., 2003) ; g, oligotrophic high mountain Lake Gossenköllesee, mesotrophic Lake Fuchskuhle and Lake Baikal (Glöckner et al., 2000) ; l, Bugach and Lesnoi turbid Siberian ponds (Trusova & Gladyshev, 2002) ; o, oligotrophic crater lake, Oregon, USA (Urbach et al., 2001) ; p, eutrophic priest pot (Finlay & Maberly, 2000) ; z, typical freshwater bacteria (Zwart et al., 2002) .
results indicating that although the species richness of these communities is high, only a few taxa (<20) dominate. In this study a larger number of dominant groups were detected than in the adjacent oligotrophic lakes, suggesting nutrient enrichment has led to greater evenness among dominant bacterioplankton. The use of FISH showed that the b-Proteobacteria was clearly the most abundant group, followed by the Cytophaga-Flavobacterium group, the cProteobacteria and the a-Proteobacteria at most depths studied (Fig. 4) . The b-Proteobacteria, however, were not as large a component of the Heywood Lake bacterioplankton as found in the Moss and Sombre Lake bacterioplankton and at a number of depths the Cytophaga-Flavobacterium were either equally or more abundant. In proportion to the overall population size, the c-Proteobacteria and the aProteobacteria were also relatively more numerous, suggesting that the species evenness of Heywood Lake is higher than that of Moss or Sombre Lakes (Pearce, 2003; Pearce et al., 2003) .
Dominant bacterioplankton groups and methodology
The complementary results from each of the different methods stressed the importance of a polyphasic approach. 16S sequence analysis of two-thirds of the predicted diversity present suggested over 70 % of the sequences detected were from b-Proteobacteria, 15 % from a-Proteobacteria and 11 % from Actinobacteria. FAME analysis indicated that 80 % of cultured isolates were Actinobacteria, but as this technique is culture-dependent, this may indicate the Actinobacteria are taken into culture more readily, suggesting that they might be more resistant to environmental changes or have wider environmental tolerance limits. FISH indicated a predominance of b-Proteobacteria, followed by Cytophaga-Flavobacterium, c-Proteobacteria and aProteobacteria (unfortunately we did not have access to an Actinobacteria-specific probe in the field), whilst over 50 % of DGGE bands were Actinobacteria, 23 % Bacteroidetes and 8 % b-Proteobacteria. Taken together, these results suggest that there is much greater biodiversity among the bProteobacteria, but that a small number of key Actinobacteria dominate the Heywood Lake bacterioplankton community.
Shift in dominance with trophic status
A key observation from this study was an apparent shift in dominance with trophic status. Moss Lake was dominated by the Proteobacteria (5/9 DGGE bands), Sombre Lake showed no clear dominance, with equal numbers of Proteobacteria, Bacteroidetes and Actinobacteria, whilst the Actinobacteria dominated in Heywood Lake (7/13 DGGE bands), indicating a potential shift in dominant groups from b-Proteobacteria to Actinobacteria with increasing nutrient enrichment. The Actinobacteria are widespread and abundant in several lake systems.
Resistant groups
In Heywood Lake, three of the dominant groups were found to be dominant in neighbouring oligotrophic systems, suggesting that there are indeed important freshwater groups, or alternatively that there is a species-specific resistance to environmental perturbation in the form of nutrient enrichment. This is supported by the observation that Heywood Lake has a diversity of bacterioplankton which differs markedly from its neighbours, but this diversity does include some of the genera found in the oligotrophic systems, thus suggesting that specific groups may have a wider tolerance to environmental change.
Conclusion
Changes in the utilization of catchments by marine mammals or other perturbations of nutrient supply are likely to result in significant changes in the nutrient status and bacterioplankton communities of Antarctic lake systems. Nutrient-enriched Heywood Lake has a high bacterioplankton population density, reduced species richness and increasing evenness. Less than half of the genera found were also present in neighbouring oligotrophic lakes, including three of the dominant groups. A comparison of the three lakes with different nutrient levels suggested an apparent shift in dominance with trophic status. Other key observations included the absence of dominant Cyanobacteria and the presence of marine bacteria. Overall, the bacterioplankton community of Heywood Lake was distinct and differed markedly from its more oligotrophic neighbours. This significant impact of nutrient enrichment on Heywood Lake bacterioplankton communities, therefore, suggests that low-temperature oligotrophic freshwater lake systems may have low resistance to environmental change.
